Background-Cardiac MRI is important in the treatment of children with congenital heart disease, but sufficient normative data are lacking. For ventricular volumes and mass, we sought to deliver reference centiles and to investigate sex effects. Methods and Results-We included 114 healthy children and adolescents, uniformly distributed spanning an age range of 4 to 20 years, as required by the Lambda-Mu-Sigma method to achieve a percentile distribution, thus avoiding arbitrary age categories. Subjects underwent axial volumetry (1.5-T scanner) using standardized 2D steady-state free-precession and flow protocols. Percentiles were computed for age 8 to 20 years (99 subjects) because breath-holds were more consistent in this group. When indexed for body surface area or height, the centile curves of ventricular volumetric parameters showed allometric increase until adolescence, when a plateau was reached, with values comparable to published adult reference data. In contrast, ventricular mass centiles increased without plateau. There was a significant sex difference, with centiles reflecting larger values in boys than in girls (PϽ0.05) when ventricular volumes were indexed to body surface area or height but not when indexed to weight (exception: mass). There was excellent agreement of axial and short-axis volumetry and of volumetric and flow-derived stroke volumes. Conclusions-Percentiles for ventricular volumes and mass in healthy children have been established to serve as reference values in pediatric heart disease. Significant sex differences were noted when indexing volumes to body surface area or height. Unisex centiles related to weight may be considered for chamber volumes albeit not for mass. (Circ Cardiovasc Imaging. 2010;3:65-76.)
T he diagnosis of an enlarged or hypertrophied heart has important implications for the treatment of children with congenital or acquired heart disease. To this end, cardiac MRI has evolved as an important noninvasive diagnostic tool, particularly in the noninvasive quantitative assessment of the right ventricle. 1 Cardiac MRI is generally considered the reference standard for the assessment of ventricular dimensions, function, and mass in terms of accuracy and reproducibility, 2 and this is reflected by class I-II recommendations for the clinical use of cardiac MRI by recent consensus panels. 3 
Clinical Perspective on p 76
Although these recommendations explicitly include determination of ventricular size and cardiac function, data are sparse regarding these parameters in healthy children. 4, 5 Moreover, since these smaller series were published, spoiled gradient-echo cine (cine-GRE) sequences have been replaced by steady-state free-precessing (cine-SSFP) protocols, which are faster and provide improved image contrast based on a higher signal-to-noise ratio and reduced sensitivity to flow turbulence. As a result of the inherently improved myocardialto-blood pool contrast, cardiac volumetric data obtained by SSFP sequences have been shown to differ significantly from those derived by cine-GRE sequences in that they provide larger end-diastolic volumes and smaller values for ventricular mass when directly compared with previous spoiled gradient-echo techniques. 6, 7 More recent work has used cine-SSFP protocols to yield pediatric cardiac reference values in 60 children, divided into age groups of 8 to 11 years, 12 to 14 years, and 15 to 17 years. 8 However, a general problem in the interpretation of such data is the fact that cardiac growth is known to be allometric, that is, the relation between the size of the heart and the body changes from infancy to adulthood. 9 -12 Moreover, such allometric growth is likely to be different between the sexes. 13 This renders any age group definition somewhat arbitrary because sex differences in the speed of maturation and cardiac growth are not accounted for, thus limiting the scientific and clinical value of age group-based reference data.
What is required is a definition based on the calculation of percentiles because this approach avoids the disadvantages of subjective age group definitions. Therefore, within the German Competence Network for Congenital Heart Disease, we sought to create a larger database for healthy children using standardized contemporary cine-SSFP and flow imaging techniques. To compute reference centile curves, we used the LMS method described in detail by Cole (Lambda for the skew, Mu for the median, and Sigma for the generalized coefficient of variation).
This method uses a penalized likelihood technique to derive age-dependent percentiles of target variables and thereby uses the sample elements more efficiently than the use of a classification into more or less artificial age groups. 14, 15 Age and sex distribution of the study group was calculated before start of the study, intentionally including even younger children (4 to 7 years) for mathematical calculation of the initial slope of the percentile curves. The final percentile curves, however, were restricted to cover the age span of 8 to 20 years because only in this age group, consistent breathhold performance can be expected.
The goal was to provide a statistical calculation of age-and sex-dependent percentiles for ventricular volumes and mass to serve as reference values for cardiac MRI.
Methods

Study Population and Design
During a period of 26 months, we prospectively enrolled 114 children and adolescents (59 female and 55 male; mean age, 12.4Ϯ4.1 years; median age, 11.9 years; age range, 4 and 20 years), with a statistically prespecified age and sex pattern as based on calculations using the LMS method. The subjects were in sinus rhythm, did not have any acquired or congenital heart disease or chronic illnesses, and did not participate in any competitive sports activities. Scans were performed only for study purposes, with no additional examination of any other organ. The study was approved by the local institutional review committee, and written informed consent was obtained from the children's parents or legal guardians (local registration No. 25/2005) .
Body weight and height were measured, and the procedure was explained using a scaled-down model of the MRI scanner. The children were then placed supine on the examination table and had vector ECG leads, an abdominal belt for detection of respiratory motion, and a 5-element cardiac receive coil attached.
Body mass index (BMI) was calculated as body weight (kg/height in m 2 ) and body surface area (BSA) by the Dubois formula: body weight (kg) 0.425 ϫheight (cm) 0.725 ϫ0.007184.
MRI Technique
All examinations were performed on a 1.5-T whole-body MR scanner (Philips Medical Systems, Intera, R11; maximum gradient performance, 30 mT/m; slew rate, 150 T ⅐ m Ϫ1 ⅐ s Ϫ1 ). A 5-element cardiac phased-array coil was used for signal acquisition, and the body coil was used for signal transmission. A VCG-gated balanced gradient-echo sequence (SSFP) was applied to cover the whole heart. Therefore, 25 to 35 axial slices with 1 to 2 slices per breath-hold, no gap, with repetition time/echo time/flip angle, 2.8 ms/1.4 ms/60°; acquisition matrix, 160ϫ168; number of averages, 1; SENSE reduction factor, 2 (phase-encode); and 5 to 13 k-space lines per phase corresponding to a gating width of 14 to 36 ms with an acquisition resolution of 2.0 to 2.5ϫ1.5 to 1.8 mm were collected. Depending on the patient's heart rate and physical constitution 25 to 35 phases (no heart phase interpolation) were acquired. A 5-mm slice thickness was used in children weighing Ͻ30 kg, whereas a 6-mm slice thickness was used for children weighing Ͼ30 kg. For younger children, end-inspiratory breath-holds and for older children (Ͼ7 years) end-expiratory breath-holds were used, with breath-holds between 5 and 10 seconds for the VCG-gated SSFP. The procedure followed the standardized protocol of the MRI project of the German Competence Network for Congenital Heart Defects published on the network web site (www. kompetenznetz-ahf.de/en/research/mri).
In a subgroup of 29 children (mean age, 12.58Ϯ3.81 years), additional short-axis acquisition was performed using the same sequence, covering the ventricles with 12 to 14 slices, and analyzed in comparison to axial volumetry.
Additionally, quantitative phase-contrast flow measurements were conducted in all subjects to ensure consistency by cross-checking to volumetry. Orthogonal angulated flow measurements in the pulmonary artery (in the middle position between the valve and the bifurcation) and the ascending aorta (1 to 2 cm distal of the aortic bulbus) were performed using a standard, retrospectively gated gradient-echo sequence with 30 to 40 heart phases corresponding to a temporal resolution ranging between 17 to 25 ms; 1 k-space line per phase; repetition time/echo time/flip angle, 15 ms/6.5 ms/30°; velocity-encoded value, 150 cm/s; number of signal averages, 2; slice thickness, 6 mm; acquisition matrix, 144ϫ128; acquired spatial resolution, 2.1ϫ2.1ϫ6 mm; and through-plane, free-breathing phase-contrast-MRI protocol, as evaluated in children with left-toright shunt. 16 
MRI Analysis
Semiautomatic threshold-based volumetric analysis using validated customized software and analysis of stroke volumes in the main pulmonary artery and the ascending aorta was performed by 1 experienced observer. For interobserver variances, 10% of the data were analyzed by a second experienced observer within the cardiac MRI core laboratory of the Competence Network for Congenital Heart Defects. Both observers undergo regular joint consensus training on image reading for improved interobserver and intraobserver performance. 17 Furthermore, intraobserver variance was determined in 24 children, and interexamination variance was determined in 8 children (2 separate examinations). The subgroups for interobserver, intraobserver, and interexamination variability were chosen independently from each other.
After defining the end-systolic and end-diastolic heart phases, an auto-level function was applied for automatic endocardial contour detection (thresholdϭmean value of the signal intensity defined in a region-of-interest in the ventricular lumen and myocardial septum). If necessary, a manual adaptation of the window/level values was allowed. Manual correction of crucial areas could be performed. A phase-to phase cine modus was used to avoid partial volume effects at valve planes and the inferior heart. For axial volumetry, particular attention was paid to the semilunar and for short-axis volumetry to the atrioventricular valve level. 17 Papillary muscles and trabecular structures were excluded from the ventricular lumen but added to the myocardial muscle mass. The epicardial borders were drawn manually ( Figure 1 ).
We determined volumes of the left and right ventricles at end-systole and end-diastole, thus measuring end-diastolic and end-systolic volumes. Stroke volume was calculated as the difference between the diastolic and systolic volumes. Ejection fraction, expressed as a percentage, was calculated as the ratio of stroke volume to end-di-astolic volumes. The volumes were indexed by dividing them by BSA, height, or body weight. Muscular mass was calculated separately for the free wall of the right ventricle, the interventricular septum, and the left ventricle including the septum, by determining the volume of the particular structure in end-diastole and then multiplying by a factor of 1.05 g/mL.
Flow data analysis was performed offline on a computer workstation using a customized computer algorithm for semiautomatic vessel border detection as described in detail and validated by Beerbaum et al 16 to optimize measurement reproducibility and accelerate image analysis.
Statistical Analysis
Descriptive statistical analysis was performed for all relevant data. Pearson correlation coefficients and Bland-Altman analysis were calculated to compare volumetry and quantitative flow data as well as axial versus short-axis volumetry. The coefficient of variation was calculated to study the percentage of variability of the measurements. Significance of the observed differences between groups was tested with a 2-sided Student t test when appropriate. A probability value of Ͻ0.05 was considered statistically significant.
Reference centile curves were computed with the LMS method by Cole, using the software LMS, version 1.27, from the Institute of Child Health (London, United Kingdom). 14, 15 This method describes the distribution of the target parameter at a given age by normal approximation after a Box-Cox transformation. The (age-dependent) estimates L, M, and S for the 3 parameters lambda (Box-Cox power), mu, and sigma (mean and coefficient of variation after transformation) provide the name for this method. The estimation of these parameters as function of the age uses a penalized maximum likelihood approach, in which the penalty term is composed from integrals over the squared second derivatives expressing the smooth-ness of the curves. Cubic splines are used to assess the function in between the considered distinct values of the age (full years). This process is controlled by 1 smoothing parameter for each of the L, M, and S curves. The authors give recommendations for the choice of the smoothing parameters dependent on the range of age, on the range of the observed parameter, and on the sample size. Based on the L, M, and S curves, the centile curves can be derived. Age and sex distribution of the study group was calculated before start of the study, intentionally including children as young as possible. Because of a possibly reduced reproducibility for very young children, the results are presented only in the age span from 8 to 20 years (represented by 99 children), using the children Ͻ8 years of age for an improved estimation of the initial slope ( Figure 2 ).
Results
Subject Characteristics
All 114 children were able to fully cooperate during the examinations. No sedation or anesthesia was used. Examinations lasted between 25 and 40 minutes, and MRI quality was deemed sufficient for study purposes in all cases. Body weight, height, and BMI (body weight in kilograms; height in centimeters) are summarized for the total population and for age subgroups (8 to 15 years, 16 to 20 years) in Table 1 .
Percentile Analysis Versus Age Group-Based Analysis
Using the LMS method, reference centile curves were computed for ventricular volumes and mass separately for boys and girls from 8 to 20 years because of the observed (Table 2) .
Interestingly, when indexing for weight, such sex difference was only noted for ventricular mass parameters but not for ventricular volumes (see below). We present percentile curves for BSA and weight in this report. Percentile curves related to height were not included because the noted sex differences and curve forms were similar to the BSA-related percentiles. When analyzing pediatric patients (age 8 to 15 years) versus adolescents/young adults (age 16 to 20 years), sex differences were noted in both age groups (see Tables 2  and 3 ) but only became significant in the older group.
Effect of Sex on Relation Between Ventricular Volumes and Body Size
Ventricular volumes indexed to the BSA were, in the whole group, Ϸ10% to 15% higher in boys than in girls; this sex difference was statistically significant for most volumetric parameters-only the left ventricular end-systolic volume was not statistically significant. Ejection fractions of the right and left ventricles showed no relevant sex difference. This sex difference for ventricular volumes indexed to the body surface was notable but smaller (4% to 7%) when only the age group between 8 to 15 years was analyzed, and the sex differences were not statistically significant. For the young adult group (age, 16 to 20 years), the sex significance was substantive and significant for most parameters; only the right ventricular end-systolic volume was not statistically significant ( Table 2 ).
The sex difference in general for the ventricles was also statistically significant when volumes were indexed for height. For this form of indexing ventricular volumes of boys were Ϸ15% to 20% higher than in girls (Table 3) . Again, this sex difference was notable but smaller (0% to 6%) when only the age group between 8 to 15 years was considered, and the sex differences were not statistically significant. For the young adult group, the sex difference was substantial and highly significant (Table 3) .
In contrast, when indexing volumes to body weight, the sex differences were much smaller, 1% to 5%, and the differences were not significant, neither for the total population nor for the 2 age groups ( Table 3 ).
Effect of Sex on Relation Between Ventricular Mass and Body Size
Muscle mass of the left ventricle, the right ventricle, and the interventricular septum were in general significantly higher for boys than girls when indexed for BSA or height. For the age group from 8 to 15 years, a significant sex difference was only observed for the interventricular septum indexed to BSA; masses indexed for height showed no significant sex difference. In contrast, for the young adult group, the sex difference was highly significant when muscle masses were indexed for BSA or height (Table 4 ). When ventricular masses were indexed for body weight, the general sex difference appeared smaller but still significant for the interventricular septum and the left ventricle, whereas there was no significant difference between boys and girls for the right ventricle. For the age group 8 to 15 years, only the interventricular septum showed a significant sex difference, whereas the young adult group showed significant differences for the interventricular septum and the left ventricle ( Table 4 ).
Effect of Age on Ventricular Volumes and Mass
When indexing to BSA and height, there was a steady rise with increasing age of left and right ventricular end-diastolic volumes in girls from 8 to 14 years, when the volumes reached a plateau. In boys, a plateau was reached later, at Ϸ17 years (Figure 3) . End-systolic volumes demonstrated a similar, almost parallel increase (Figure 3 ). Stroke volumes of the left and right ventricles, as derived parameters, displayed the same slope from childhood to adolescence.
Masses of the right ventricle, the interventricular septum, and the left ventricle indexed to the BSA and height rose continuously with age and showed no clear plateau, with a steeper slope in boys ( Figure 4) .
As indexing ventricular volumes to body weight eliminated largely any sex difference (see above), the resulting unisex percentile curves for right and left ventricular end-diastolic and end-systolic volumes are shown in Figure 5 . End-diastolic and end-systolic volumes of both ventricles indexed to body weight exhibited a slight decrease from childhood to adolescence where a plateau at Ϸ14 years was recognized ( Figure 5 ).
Volumetric Versus Flow-Derived Stroke Volumes
There was a highly significant correlation between left ventricular stroke volume derived from volumetry and stroke volume in the ascending aorta established by flow measure- The correlation between right ventricular stroke volume and main pulmonary flow was accordingly significant (rϭ0.94, PϽ0.001). The coefficient of variation was 6.47 for the left ventricular stroke volume and 6.67 for the right ventricular stroke volume. The limits of agreement (Bland-Altman analysis) are shown in Table 5 .
Axial Volumetry Versus Short-Axis Volumetry
Comparison between axial and short-axis volumetry revealed high and significant correlations with low coefficients of variation (CV) for end-diastolic volumes of the ventricles (CV-RV, 2.23; CV-LV, 2.46). End-systolic volumes displayed more variation than end-diastolic volumes, with a slightly higher variation for the right ventricle (CV-RV, 6.02; CV-LV, 4.68). Muscle mass of the left ventricle and the interventricular septum revealed the same variation as endsystolic ventricular volumes (CV-LV-MM, 5.93; CV-IVS-MM, 6.02). Right ventricular muscle mass demonstrated the highest variation (CV-RV-MM, 9.78). The limits of agreement (Bland-Altman analysis) are shown in Table 6 .
Intraobserver, Interobserver, and Interexamination Variances
There was good intraobserver agreement, with the highest variation in the end-systolic volumes of the ventricles and masses of the ventricles. 17 Interobserver comparison showed more variation, with the highest variation also in end-systolic volumes and masses of the ventricles. Interexamination variances demonstrated the greatest variation in the left ventricular end-systolic volume, right ventricular stroke volume, and mass of the right ventricle. Mean differences, limits of agreement, coefficients of variation (each in percent), and the correlation coefficients are shown in Table 7 .
Discussion
The relation between the size of the heart and the body is known to be allometric, 18 which means that this relation changes from infancy to adulthood. This makes the generation of normative data challenging. However, the ability to accurately measure volumetric and mass parameters of right and left ventricular function, adequately scaled to body size, is of critical importance both for clinical care and for cardiovascular health research. 18
Sex Differences in Cardiac Measures in the Developing Child
The impact of sex on such normative data has always been a matter of concern in pediatric cardiology because sex influence is (1) likely to be different before, during, and after puberty, and (2) the timing of the adolescent growth spurt in individuals is different between the sexes. Although data are relatively limited, a number of previous studies suggest the existence of sex differences of cardiac measures even before puberty. In a pathoanatomic series (nϭ200, 0 to 19 years), variables such as heart weight, ventricular wall thickness, and cardiac valve circumferences were found to be usually larger in boys. 11 Moreover, for echocardiographic parameters of heart size, a small sex difference was identified in 7-to 11-year-old children in the Bogalusa Heart Study. 19 Zilberman et al 20 found in a large echocardiographic investigation (nϭ748, 434 boys) using standardized 2D measures that boys had statistically larger valve diameters at all ages. Additional evidence of prepubertal sex differences was identified for diastolic left ventricular function parameters (Doppler echocardiography). 21 These subtle prepubertal sex differences only became statistically significant in larger series. 20, 21 In contrast, a large echocardiographic study in more than 2000 healthy infants and children in central Europe revealed no sex differences, but the authors reasoned that this was probably due to interobserver bias. 22
Using the LMS Method for Reference Centile Computation
It is mainly for this reason that we sought to deliver sex-specific percentiles of cardiac MR volumetry in the first place, rather than presenting comparisons by age categories. Hence, we generated reference centile curves for children and adolescents from 8 to 20 years for ventricular volumes and mass using the LMS method described by Cole. 14 This statistical technique has a number of advantages that render it particularly useful in the pediatric age group. It avoids all more or less artificial age categories, and, unlike regression analyses, LMS does not depend on linear relationships between cardiovascular parameters and body size, and it is well known that these do not exist. 15, 18 An additional parameter also allows the fitting of nongaussian distributions. Moreover, LMS-derived centiles can display different ranges of distribution at different time points, whereas regression analyses assume constant ranges of distribution. 14, 15 This makes the LMS method generally suited for parameters of cardiac function with known or suspected sex influence. 13 In children, this is particularly valuable as the generation of normative data are further complicated by the difference in onset and speed of pubertal growth spurt between girls and boys. [13] [14] [15] 23 
Study Findings: Sex and Age Effects on Ventricular Volumes and Mass
For the total population, we observed statistically highly significant sex differences when indexing for BSA and for height for ventricular volumes and mass parameters. In keeping with the literature, not surprisingly, these differences were less clear for the younger age group than for the adolescents ( Table 2) . Interestingly, when indexing to body weight, there was no significant sex influence for volume parameters both before and after puberty, whereas there still was clear sex effect on mass parameters, particularly after puberty (Table 4 ). Hence, at least for cardiac volumes such as end-diastolic and endsystolic volume and derived parameters, weight-related unisex reference centiles may be considered for daily practice as shown in Figure 5 , knowing, however, that BSA indexing is more popular in pediatric cardiology. For mass parameters, relation to weight, however, does not provide this advantage, and sex-specific centiles are needed here as well (Figure 4 ).
More generally, ventricular volumes indexed for BSA and height demonstrated allometric growth with steady gentle enlargement from childhood to adolescence, in which end-diastolic and end-systolic volumes reached plateaus comparable to adult reference values. 24 Masses of the ventricles and the interventricular septum, also indexed for BSA, exhibited a steady increase without a clear plateau. These results correspond to a recently published cross-sectional study of sex-and age-specific normal values of the left ventricle from adolescence to late adulthood, in which the peak of the end-diastolic volume was found before 20 years of age, but the peak for the left ventricular muscle mass only after 30 years. 25
Volumetric Parameter Measures: Comparison to the Literature
We observed small but notable differences to the volumetric MRI data for children as published so far. End-diastolic and end-systolic volumes were slightly higher than described by Lorenz 5 and Helbing. 4 These differences may be explained by the use of contemporary SSFP sequences with better bloodmyocardium differentiation for the older reference data 6 and by threshold-based semiautomatic segmentation versus manual segmentation for newer pediatric data. No clinically significant difference for volumetric parameters was recognizable by the use of short-axis volumetry by Robbers-Visser et al. 8 Contemporary SSFP sequences and new segmentation tools may account for the relatively lower myocardial masses of the ventricles observed in this study because computerassisted segmentation is likely to be more precise than manual border tracing of the endocardium, particularly for the right ventricle. There was a very good correlation to recently published echocardiographic data using 2D and 3D approaches. 26
MR Internal Validation and Observer Variance
In line with Jeltsch et al, 27 there was a very high correlation between volumetric-derived and flow-derived stroke volumes, which allowed simple internal quality control of volumetric data. Comparison between axial and short-axis volumetry demonstrated no relevant differences, as reported by Jauhiainen et al 28 and in contrast to Alfakih et al, who found short-axis volumes of the right ventricle to be larger in adult volunteers. 29 Axial acquisition had the advantage of allowing for additional phasic volumetry of the atria for further studies and has also recently be reported to be more reproducible than short-axis slices for ventricular volumetry in patients with corrected tetralogy of Fallot. 30 Intraobserver and interobserver variability demonstrated results comparable to other studies with good agreement for end-diastolic volumes and less agreement for end-systolic volumes and muscle mass with right ventricular variability higher than left ventricular variability. 2, 17 Interexamination agreement was satisfactory, with the highest variability for left ventricular end-systolic volume and right ventricular mass, which correlates to results in adults and supports that MRI can adequately assess ventricular size and function in children. 2
Limitations
The age of the children studied allowed no calculation of percentile curves for infants and toddlers. Reference values for neonates and infants would be of great interest, for example, regarding thresholds for biventricular repair in the setting of ventricular imbalance. We used accepted modern statistical calculation models to create pediatric reference data for cardiac volumes and mass. Nevertheless, true normative, sex-specific data from birth to adulthood would be preferable, but this would have required including a much larger number of children (Ͼ1000) to ideally also account for ethnic differences. The ideal body size measure to relate volumetric variables to may be neither weight, height, nor BSA. It may well be that-once a much larger normative database is accumulated-other body size derivates may prove better suited, and these may also be different for different parameters of cardiac size and function.
Conclusions
Age-and sex-specific percentiles for ventricular volumes and mass of healthy children and adolescents from 8 to 20 years have been established by cardiac MRI to serve as reference values in the evaluation of acquired and congenital heart disease. Significant sex differences were noted when indexing volumes to BSA or height. In contrast, indexing ventricular volumes (but not mass) to body weight largely eliminated the sex differences and may therefore be attractive for daily use in pediatric cardiology.
